The few existing studies on deep-sea hydrothermal vent copepods indicate low connectivity with surrounding environments and reveal high endemism among vents. However, the finding of nonendemic copepod species in association with engineer species at different reduced ecosystems poses questions about the dispersal of copepods and the colonization of hydrothermal vents as well as their ecological connectivity.
Overall, copepod density showed significant differences between substrata types, but was similar among different hydrothermal activity regimes. Highest densities were observed on woods at sites with moderate or low fluid input, whereas bones were the most densely colonized substrata at the 2 sites with higher hydrothermal influence. Although differences in copepod diversity were not significant, the observed trends revealed overall increasing diversity with decreasing temperature and fluid input. Slates showed highest diversity compared to the organic substrata. Temperature and fluid input had a significant influence on copepod community composition, resulting in higher similarity among stations with relatively high and low fluid inputs, respectively. While vent-specialists such as dirivultids and the tegastid Smacigastes micheli dominated substrata at high vent activity, the experiment demonstrated increasing abundance and dominance of non-vent taxa with decreasing temperature and fluid input. Effects of the substratum type on community composition were not significant, although at sites with moderate or low fluid input, woods exhibited distinctive communities with high densities and relative abundance of the taxon Nitocrella sp.. In conclusion, copepod colonization and species composition were mainly influenced by hydrothermal fluid input and temperature rather than the type of substratum. The outcome of this study provides fundamental knowledge to better understand copepod colonization at hydrothermal vents
Introduction
Hydrothermal vents are widely distributed along mid-ocean ridges, in back arc systems and even on volcanic seamounts (Van Dover 2000, Clark and O´Shea 2001) . These physically highly disturbed ecosystems typically emit high-temperature fluids which are enriched in reduced chemicals and potentially toxic heavy metals (Von Damm 1998) . The fluid chemistry is generally correlated with temperature, where higher temperatures are associated with greater concentrations of sulfide-and metal-rich but oxygen depleted fluids , Zielinski et al. 2011 , Van Dover 2014 . Although hydrothermal vent fields are ephemeral systems, their activity can often last from several years, to decades or even centuries (Humphris et al. 2002) .
In the rather homogenous deep-sea environment, hydrothermal vents form islands of biological productivity mainly fueled by the production of chemoautotrophic microorganisms which use the energy from the oxidation of reduced elements such as hydrogen sulphide or methane present in the vent fluids (Bennett et al. 2011) . These microorganisms occur either in free-living communities, or as symbionts in vent invertebrates such as bathymodiolid mussels and siboglinid tubeworms (Childress and Fisher 1992 , Karl 1995 , Dubelier et al. 2008 , 2014 .
The symbiont hosting vent megafauna can serve as ecosystem engineers, providing living space for a variety of smaller macro-and meiofaunal organisms which also rely on chemoautotrophic symbionts or directly feed on free-living microorganisms and other organic material (Levesque et al. 2003 , Govenar et al. 2005 , Gollner et al. 2006 , Limén et al. 2008 , Pradillon et al. 2009 , Degen et al. 2012 . The distribution and composition of these biological assemblages can be strongly influenced by changes in physico-chemical conditions at hydrothermal vents, depending on species-specific physiological tolerance to fluid chemistry and nutritional requirements (Sarrazin et al. 2015) . In addition, biological factors such as competition and predation have been described as important drivers for the zonation of organisms along these abiotic gradients (Mullineaux et al. 2003 , Gollner et al. 2010a ).
Single hydrothermal vent fields are often separated by tens to hundreds of kilometers along a spreading ridge and even more between different ridges or back arc systems (German et al. 1996) . Despite their isolated character, nascent hydrothermal vents are often rapidly colonized by recruiting vent organisms (Shank et al. 1998 , Tsurumi and Tunnicliffe 2001 , Marcus et al. 2009 , Gollner et al. 2013 . Recently, the mechanisms behind species distribution and colonization processes became of particular interest in face of an increasing impact of human activities in the deep-sea, such as fishing, pollution and mining (Van Dover 2014) .
The colonization of hydrothermal vents depends on species dispersal rates, larval recruitment and immigration from surrounding environments but also on physical factors such as currents, spreading rates and the temporal stability of vent systems (Vrijenhoek 2010) . In order to better understand species distribution, connectivity of populations and colonization processes, previous studies conducted colonization experiments deployed at various reduced ecosystems by using different types of artificial substrata (Van Dover et al. 1988 , Mullineaux et al. 1998 , 2003 Pradillon et al. 2005 , 2009 , Kelly et al. 2007 , Kelly and Metaxas 2008 , Gollner et al. 2015a . Most of these studies used inorganic material to assess the mechanisms behind species dispersal and colonization. However, the connectivity of hydrothermal vents can be ensured by a variety of other habitats with reducing conditions potentially serving as stepping stones, including organic substrata such as whale bones or sunken wood. These habitats have been shown to host chemosynthetic communities and are thought to be suitable to maintain the dispersal of vent organisms on local and global scales (Smith and Kukert 1989 , Distel et al. 2000 , Bienhold et al. 2013 . Based on these assumptions, more recent investigations included organic substrata in colonization experiments to investigate their potential to support the distribution of vent-associated organisms (Gaudron et al. 2010 , Böggemann et al. 2012 , Bienhold et al. 2013 , Kalenitchenko et al. 2015 , Szafranski et al. 2015 , Zeppilli et al. 2015 . The outcomes of these experiments suggest that the recruitment and settlement of vent organisms on the deployed substrata were interactively influenced by a variety of abiotic factors including the type of substratum, local physico-chemical conditions of microhabitats, the intensity of hydrothermal emission and the composition of natural background communities but also biological interactions such as predation and competition.
While most of the previous studies were focused on macrofaunal organisms, information on the dispersal and colonization of meiofauna at hydrothermal vents is very limited, although their ecological importance in marine ecosystems has been frequently acknowledged (Danovaro 2009 , Lebreton et al. 2012 , Giere 2013 . Early investigations provided first insights into meiofaunal communities at hydrothermal vents (Dinet et al. 1988 , Shirayama 1992 ), but only recently were they included in quantitative ecological studies (Tsurumi et al. 2003 , Gollner et al. 2006 b, Zekely et al. 2006 a, b, Degen et al. 2012 , Sarrazin et al. 2015 . According to these studies, the meiofauna can make up to 50 % of total local diversity at a hydrothermal vent site. However, vent meiofaunal communities often show low diversity and densities compared to the surrounding deep-sea sediments (Degen et al. 2012) . Their composition and abundance can be correlated with the abiotic and biotic conditions of the local microhabitats (Ivanenko et al. 2011 , Ivanenko et al. 2012 , Sarrazin et al. 2015 . To date, most of the investigated meiofaunal communities at hydrothermal vents are dominated by nematodes and copepods (Zekely et al. 2006a , Gollner et al. 2007 , Degen et al. 2012 , Sarrazin et al. 2015 . Copepods are usually the second most abundant meiofauna taxon, but on basalts and sulfide chimneys found at hydrothermal vents they can be the most abundant and diverse meiofaunal taxon (Tsurumi et al. 2003 , Gollner et al. 2007 . Vent specific copepods often show low connectivity with the surrounding environment and high endemism (Zekely et al. 2006 , Goller et al. 2010 , Degen et al. 2012 . The vent-endemic family Dirivultidae often dominate the copepod communities at vent systems (Ivanenko et al. 2006 , Gollner et al. 2010b ), but other copepod taxa known from non-vent habitats were also reported (Tsurumi et al. 2003 , Sarrazin et al. 2015 . Currently, there are more than 80 species described from hydrothermal vents, belonging to five different orders, namely the Calanoida, Cyclopoida, Harpacticoida, Poecilostomatoida and Siphonostomatoida, of which the latter contains more than 50 species (Heptner and Ivanenko 2002 , Ivanenko and Defaye 2004 , Ivanenko et al. 2011 . Previous findings of non-endemic copepod species in association with engineer species at different reduced ecosystems pose questions about the mechanisms for the colonization of hydrothermal vents and their connectivity on larger scales (Heptner and Ivanenko 2002 , Ivanenko et al. 2012 , Sarrazin et al. 2015 , Plum et al. 2015 .
Recently, pilot experimental studies using organic and inorganic substrata deployed at the Lucky Strike vent field have included meiofaunal organisms, mainly nematodes and copepods, for the first time in order to assess their colonization patterns at a deep-sea hydrothermal vent site , Zeppilli et al. 2015 . They showed significant differences in community composition between different substrata, however, the influence of the local environmental conditions and hydrothermal activity turned out to have a stronger influence.
Despite the progress in the investigation of vent meiofauna, recruitment and colonization patterns of these small sized organisms at hydrothermal vents, in particular the copepods, remain poorly understood. Therefore, the objective of this study was to investigate copepod colonization processes at a deep-sea hydrothermal vent site in response to environmental factors such as temperature, fluid flow and the presence of different substrata. This was experimentally assessed by using three different types of substrata (wood, bone and slate) that were deployed along a physico-chemical gradient in the vicinity of the Eiffel Tower edifice at the Lucky Strike vent field located on the Mid-Atlantic Ridge (MAR), within the frame of an integrative study on colonization processes at hydrothermal vents. The following questions were addressed: 1) Does the copepod density, diversity and community composition differ between substratum types?
2) How are the copepod communities influenced by the environmental conditions such as changes in temperature and fluid input?
3) Are there indicator species representing specific microhabitats?
Material and Methods

Study area
The Lucky Strike (LS) vent field is located on the MAR, south of the Azores. This vent field is characterized by multiple edifices situated around a central lava lake with a diameter of 200 m (Fig. 1) . The deployment experiment analyzed here was placed in the vicinity of the Eiffel Tower edifice, an 11 m high and well-defined active hydrothermal vent south-east of the lava lake. This site has been intensively investigated during several cruises within the last decades (Van Dover et al. 1996 , Desbruyères et al. 2001 , De Busserolles et al. 2009 , Cuvelier et al. 2009 , 2014 and is the focus of a series of colonization experiments, started in 2006 , Zeppilli et al. 2015 .
Experimental setup
This study concerns the deployment of three different types of substrata, including slates (A), woods (B) and pig bones (C), during the MoMARSAT 2011 cruise. The types of substrata were chosen to mimic organic falls (wood, bone) as well as the bare basalt (slate) found at the LS vent field. Prior to the deployment, the surface area was evaluated for each of them with the aid of a 3D imaging technique using a calibration grid and images taken at different angles (coll. Dr. M. Aron, ISEN engineering school). The substrata were deployed at five different sites (S1-5) along a gradient of hydrothermal activity on and around the Eiffel Tower edifice, resulting in the total number of 15 (5 x 3) substrata (Fig. 1) . Sites 1-3 were situated on and at the base of the edifice. These sites were chosen in correspondence to those reported in previous studies , Zeppilli et al. 2015 . 
Environmental conditions
The sites were characterized by different temperatures. We calculated the average temperature for each site based on the data obtained from the probes deployed with the substrata during several cruises from 2011 to 2015. In addition, we evaluated minimum and maximum temperatures for each site (Table 1) . Previous studies have demonstrated that temperature at the LS vent field is a good proxy of the chemical characteristics of the vent fluids , Sarrazin et al. 2015 . For example, at Eiffel Tower, it has been shown that temperature correlates positively with total dissolved sulphide and iron concentrations (De Busserolles et al. 2009 ).
In our dataset, the highest average temperature (7.3°C) was observed at site 2 representing the site with highest fluid inputs. Intermediate temperature (5.5°C) and fluid inputs were detected at site 3 while site 1 showed slightly lower temperatures (4.8°C) and fluid inputs. The average temperature at the external site 4 was 4.7°C while site 5 showed the lowest average temperature (4.5°C). For maximum and minimum temperatures see Table 1 .
A gross estimation of fluid input can be obtained using the formula proposed by Table 1 ). The fluid inputs for each site calculated by this formula are given in Table 1 . Because of the described inter-correlation of vent abiotic conditions, we tested for correlations between the variables to determine the best explanatory ones. We finally used maximum temperature and fluid input to test the effect of environmental factors on the variation in taxonomic composition (see statistical analyses).
Sample treatment
The different substrata were recovered in 2013 during both the BIOBAZ and MoMARSAT cruises. All substrata were recovered, except for the bone substratum deployed at site 5 which has disappeared. The recovered substrata were placed in individual isotherm sampling boxes to avoid cross contamination between the substrata and loss of organisms.
On board, the recovered substrata as well as the sampling boxes were carefully rinsed over sieves with 1000-, 300-, and 20 µm mesh sizes, respectively. The samples were preserved in seawater-buffered formalin (10 %) with a final concentration of 4 %. In the lab, samples were rinsed again and transferred to 200 ml plastic beakers. Due to the partly very high abundance of organisms, we decided to subsample part of the samples obtained from the substrata washings. Therefore, three subsamples of 5 ml each were taken from the original sample volume. All copepods from each subsample were then collected and counted. Total abundance was calculated by using the average copepod individual number per subsample and extrapolated to the original sample volume. All copepod individuals collected from the subsamples were then transferred to glycerin and mounted on glass slides for species identification using a Leica microscope with phase contrast. A total of 26,021 specimens were identified to species level.
Statistical analyses
Due to the different surface areas of the substrata, copepod abundance data were standardized to 10 cm 2 surface area. We then calculated total copepod densities (including juveniles) and relative copepod abundance based on the number of adult individuals for each sample. The relative abundance of all species with >5% of the total abundance is shown in a bar plot to display differences in community composition. Species diversity was assessed by calculating the expected number of species (ES) for a random sample size of 100 individuals (ES [100]).
In contrast to other diversity indices such as Shannon-Wiener (H´loge), the ES does not refer to all species (S) and individuals (N) of the species-abundance data, but rather interpolates the species numbers expected in a sample of n individuals (Hulbert 1971) . This allowed us to account for differences in the surface area of the deployed substrata and the sorted sample volume, enabling a direct comparison of copepod diversity between the different substrata and sampling sites. We additionally performed one-way ANOVAs on overall copepod density and diversity to test for significant differences between sites (S1-5) and substrata types (wood, slate, bone), respectively. Therefore, we considered either the sites (for differences between substrata) or the substrata types (for differences between sites) as replicates. Significant differences between groups were detected by Tukey´s honest significant differences test (HSD, set at p < 0.05). To detect significant intra-sites differences between substrata and differences among replicate of the same substratum type between sites, we additionally performed the non-parametric Kruskal-Wallis-test.
The copepod abundance data were Hellinger-transformed prior to the multivariate analyses (Legendre and Gallagher 2001) . This transformation ensures that differences in abundance contribute to the dis/similarity between samples without giving to much weight to the very common or rare species (Legendre and Gallagher 2001) . Analysis of similarity (ANOSIM) was used to evaluate significant differences in community composition between the deployed substrata and sites. Additionally, we performed similarity percentage (SIMPER) analyses to test for similarities between copepod communities and assess the percentage contribution of single copepod species to the similarities/dissimilarities between sites and substrata. A principal coordinate analyses (PCoA) was conducted to display (dis)similarities between samples. In order to assess and visualize species contribution to the variation in similarity among samples, we created a biplot of species and samples by correlating the original species vectors and the site scores along the most significant PCoA ordination axes. The PCoA was based on the Bray-Curtis similarity calculated from Hellinger-transformed abundance data.
These analyses were conducted in the PRIMER v6 package (Clarke and Gorley 2006) .
In order to evaluate the influence of environmental conditions on the variance in community composition, we additionally conducted a canonical RDA based on the Hellingertransformed abundance data. Forward selection was carried out and the adjusted R2 was selected as the criterion to enable fitting of the best explanatory environmental variables in the model. Indicator species analysis was conducted to identify the copepod taxa that were 
Results
Copepod density and diversity
Total copepod density was highly variable between substratum and sites. Consequently, total copepod density per site (including copepodites) showed no significant differences between individual sites (one-way ANOVA, F 4,9 = 0.248, p = 0.903).
However, when testing for the overall effect of substratum types by combining all sites, copepod densities were significantly higher on wood panels compared to bones and slates, (one-way ANOVA, F 2,11 = 4.777, p = 0.032). The wood panels revealed densities of up to 294.3 ind. 10 cm -2 , while the slate panels showed the lowest densities across all sites with values ranging from 3.1 to 10.2 ind. 10 cm -2 (Table 2 ). In contrast to the overall effect of substratum types, differences were not significant, according to non-parametric tests, when comparing the individual substratum types between sites as well as different substratum types within individual sites.
However, trends in copepod density across sites and substrata can be observed (Fig. 2) . Total copepod density per site tend to increase with decreasing fluid input among the active sites 2, 3 and 1 but slightly decreased again at the inactive sites 4 and 5, mainly reflecting the density pattern on the wood substrata. Densities on bones gradually decreased from high vent activity (40.4 ind. 10 cm -2 ) to the external site 4 (1.4 ind. 10 cm -2 ), while densities on slates were highest at intermediate activity, showing a decrease with further decreasing vent activity (Fig.   2 ). This resulted in different patterns within individual sites. At sites 2 and 3, bones exhibited highest densities followed by woods and slates (Fig. 2 , Table 2 ). Wood panels revealed highest densities with decreasing hydrothermal activity (sites 1, 4 and 5). At site 1, the highest density was found on wood followed by the bone and the slate. At the external site 4, bones showed lowest densities compared to the other substrata. The individual densities of adults, copepodites and nauplii revealed similar patterns (Table 3) although the relative abundance of the individual developmental stages showed high variability across all sites (Fig. 2b) .
The absolute species richness per site, i.e. species number from three substrata at one site, increased from 15 species at site 2 with high fluid input to 35 species at the inactive site 5, resulting in a gradual increase in copepod diversity with decreasing temperature and fluid input (Table 3 ). Copepod species richness was highest on the slates (S = 37) followed by woods (S = 26) and bones (S =18) when comparing the absolute species richness of individual substrata (Table 3) . However, copepod diversity of individual substrata showed relatively high variability (Table 2) . Amongst the different sites, species richness ranged from 8 to 14 among bones, from 7 to 16 on wood panels, and from 12 to 31 on slate panels. Across all sites, expected species richness (ES) was highest on slates, while wood panels exhibited lowest ES except for site 3.
Although the observed results revealed trends in copepod diversity, there were no significant differences in the diversity measures between the substratum types and sites, respectively (Table 2) .
Copepod community composition
The adult copepods were assigned to 45 species, belonging to 15 families and 5 different orders among a total of 26,021 identified individuals (Table 3) . Only 11 of the 45 species were assigned to already known species. The taxa Ambilimbus sp. and Kelleridae n. gen. n.
sp., were identified as a new species and new genus respectively. The most species rich families were the Ameirida with 9 species, followed by the Ectinosomatidae with 7 species and the Miraciidae with 4 species. In total, 18 species with a relative abundance of > 5 % dominated the communities on the deployed substrata. The most dominant species, in terms of their relative contribution to the overall abundance across all sites, were Nitocrella sp. (45 %), Smacigastes micheli (18 %), Haifamera sp. (7 %), Tisbe sp. (6 %) and Xylora bathyalis (5 %).
Four species were restricted to the active sites, while 16 species were exclusively found at inactive sites 4 and 5. The only species that appeared in all samples was Miraciidae sp. 2.
However, the relative abundance among individual substrata varied along the gradient of fluid input (Fig. 3) .
At higher vent emission (site 2), six species revealed relative abundance of more than 5 % across the different substrata. The dirivultid Aphotopontius atlanteus was the most dominant species on the slate panels (33 %) followed by S. micheli (30 %) and Tisbe sp. Species composition at low vent emission (site 1) was more heterogeneous compared to sites with higher hydrothermal activity. Across the three substrata at site 1, seven species individually contributed more than 10 % to the relative abundance, with Tisbe sp. being dominant on slate (> 38 %), Nitocrella sp. on wood (> 42 %) and X. bathyalis on bone (> 32 %) substrata.
The substrata at the external site 4 showed remarkable differences in species composition.
While the slate panels harboured a rather heterogeneous community consisting of six species with relative abundance varying between ~ 5 % and ~ 23 % and a total of ~ 15 % of "rare" species ( Fig. 3 ´others´) , the wood and bone substrata were highly dominated by Nitocrella sp.
(~ 89 %) and Ectinosomatidae sp. 1 (~ 72 %), respectively. The same pattern was observed at the inactive site 5, showing an even higher contribution of "rare" species to the community found on slate (~ 42 %) and high dominance of Nitocrella sp. on the wood substratum (~ 84 %). The bone substratum was not recovered at site 5.
The ANOSIM test showed significant differences in community composition between sites across all substratum groups (p < 0.05, R = 0.573). In turn, there were no significant differences between the individual substratum types across sites (p = 0.9, R = 0). However, to the similarity between substrata was restricted to site 2 (~ 18 %). With a contribution of ~39 % at site 4 and ~ 62 % at site 5, the taxon Nitocrella sp. was mainly responsible for similarities between substrata within the external sites. However, the similarity between substrata within the individual sites was very low with ~ 27 % at site 4 and ~ 19 % at site 5.
Significant dissimilarities (SIMPER, ~ 65 to ~ 81 %; SIMPROF, p = 0.01) were detected between the active sites (1-3) and the inactive sites (4 and 5).
Corresponding to the outcome of the ANOSIM and SIMPER analyses, the PCoA ordination plot (Fig. 4) grouped the samples according to the locality rather than the type of substratum.
In particular, the substrata from sites with high to low vent emission (sites 1-3) were grouped on the one hand and samples from the external site 4 with the inactive site 5 on the other, indicating high dissimilarities between active and inactive sites, with the exception of wood from site 1 (intermediate emission) being more similar to sites 4 and 5. The PCoA axis 1 (37.5 %) and 2 (18.5 %) combined explained 56 % of the total variation in similarity between the samples. Similarities among the active sites can be assigned to the densities and relative abundance of S. micheli, A. atlanteus, Tisbe sp. and X. bathyalis. While the species S. micheli and A. atlanteus mainly contributed to the similarity between site 2 and 3, X. bathyalis and Tisbe sp. were responsible for the similarity of site 1 with sites 2 and 3. Taxa such as B.
azorica, Ectinosomatidae sp. 1 and Nitocrella sp. in turn triggered the separation of the inactive sites (Fig. 4) . High densities and dominance of Nitocrella sp. on B4 and B5 significantly contributed to the similarity of these samples. High similarities between wood of site 1 (B1) and slates of the inactive sites 4 and 5 (A4, A5) were triggered by the combination of Haifamera sp., and Nitocrella sp. as well as Ameira longipes. Although the total density of Ectinosomatidae sp. 1 was relatively low, it contributed more than 80 % to the total relative abundance on the bone of site 4 (C4) and therefore to the distinctiveness of the inactive sites.
Copepod distribution and environmental conditions
The outcome of the RDA analyses revealed that maximum temperature and fluid input significantly influenced the variance in copepod distribution (temp. max, p = 0.02; fluid input, p = 0.04) while the type of substratum had no significant effect. The first component of the RDA on the density data accounts for 26.03 % of the variance in copepod distribution across the different sites and substrata (Fig. 5) while the second component represents only 7.48%.
The RDA plot (Fig. 5) shows that the copepod assemblages found on the deployed substrata can be separated into two different communities along a gradient of maximum temperatures and fluid input: 1) the active sites (sites 1-3) which were mainly colonized by S. micheli, A.
atlanteus, X. bathyalis and Tisbe sp. and 2) the external and inactive sites (sites 4 and 5) that were preferentially colonized by Nitocrella sp., Ectinosomatidae sp. 1, B. azorica, Ameiridae sp. 4 and to a high percentage of less common species (up to 42 %).
Indicator species
The indicator species analysis was conducted in order to identify copepod species that can be significantly assigned to the different environmental conditions. Only 5 of the 46 identified species were characteristic for the two major habitats (active/inactive) determined in the 
Discussion
Overall composition
In total, 45 copepod species belonging to 5 orders, 15 families and 20 genera were found in our substratum experiment. We were unable to assign the majority of the morphotypes to known species, which suggests that many of the taxa are probably new to science. Among arcuscelestis, both found in the frame of our experiment, this genus is described for the first time from the LS vent field. The copepod belonging to a new genus within the family Kelleridae was observed in high abundance on the wood panel at site 5, representing the first record of this family near a hydrothermal vent. Additional taxonomic work is needed for the 33 unidentified taxa.
Across all sites, the deployed substrata harboured a very heterogeneous community including not only vent specific species but also uncommon copepod taxa that have not been described from hydrothermal vent sites. Interestingly, many of the observed species possessed one or two strong claw-like setae on the inner ramus of the first pair of swimming legs. This morphological character is often observed in epibenthic or shallow-water epiphytic species associated with hard substrata (Boxshall and Halsey 2004) . In addition, species with this character have already been reported from different reduced deep-sea ecosystems in association with organic substrata and large engineer species (Hicks 1988 , Gollner et al. 2006 , Ivanenko et al. 2012 , Sarrazin et al. 2015 , Plum et al. 2015 .
Consequently, copepod taxa possessing this feature, such as Smacigastes micheli, Tisbe sp., Archesola typhlops, Xylora bathyalis and Bathylaophonte azorica can be considered as typical epibenthic copepods associated with hard substrata. Sedimentary forms, which are rarely reported from hydrothermal vents, were also collected. These species, of which the majority belongs to the Ectinosomatidae, Ameridae and Miraciidae families, were mainly found in sedimentary environments of site 4 but also at site 5 which was characterized by bare basalt.
The relationships between the distribution of copepod taxa and environmental conditions at hydrothermal vents were rarely assessed (Tsurumi et al. 2001 , Gollner et al. 2010a , Sarrazin et al. 2015 . The outcome of the PCoA and the RDA suggests, that the sampling sites and deployed substrata can be separated into active (sites 1, 2 and 3) and inactive (sites 4 and 5) habitats, characterized by specific environmental conditions. The community composition on the substrata changed gradually from active to inactive habitats along the gradient of temperature and fluid input, with an increasing heterogeneity as well as an increasing appearance of rare and exclusive species with decreasing fluid input. Based on their abundance and distribution patterns, the species A. atlanteus, S. micheli and X. bathyalis were identified as indicator species for the active habitats, while B. azorica and Ameiridae sp.
4 represented the inactive habitats. The concept of using indicator species that reflect differences in environmental conditions to identify distinctive vent habitats has been used previously (Sarrazin et al 2015) . Their links with the environmental conditions at the LS vent field as well as their habitat preferences are discussed below.
The species Xylora bathyalis was almost entirely restricted to the active sites except for A5
where it occurred in very low abundance. At the active sites, it was mainly found on bones but also in relative high numbers on wood at site 1. Xylora bathyalis has been frequently found in reduced ecosystems such as wood falls off New Zealand (Humes 1973) , at hydrothermal vents of the EPR (Gollner et al. 2006 (Gollner et al. , 2010a , in association with large engineer species such as bathymodiolid mussels and siboglinid tubeworms at a natural oil seep in the Gulf of Mexico (Plum et al. 2015) as well as in Bathymodiolus azoricus mussel assemblages (Sarrazin et al. 2015) and in a previous colonization experiment on the LS vent field ). Based on these findings, it can be considered as an epibenthic specialist associated with hard substrata in various chemosynthetic ecosystems.
On the other hand, S. micheli and A. atlanteus mainly occurred at sites 2 and 3. Within these sites, S. micheli showed highest abundance on bones, indicating a preference for organic substrata and associated bacterial mats. The dirivultid A. atlanteus showed highest abundance at site 2 and decreased in density with decreasing temperature and fluid input. In contrast to S. micheli, A. atlanteus revealed no preference for a specific substratum type. Both species have been shown to be common in microhabitats associated with Bathymodiolus azoricus mussel assemblages around Eiffel Tower (Ivanenko et al. 2012 , Sarrazin et al. 2015 . They were also found in high densities on wood and slate panels in our previous colonization experiment . Observations of S. micheli attached to filamentous microbial strains in mussel assemblages (pers. obs. C. Plum during MoMARSAT 2014) corroborate previous assumptions on their feeding ecology (Ivanenko et al. 2012) , indicating a preference for microhabitats characterized by higher venting activity. In contrast to harpacticoid copepods, such as S. micheli, the Dirivultidae are considered as endemic for deep-sea hydrothermal vents since they are only known from this extreme ecosystem (Gollner et al. 2010b ).
Dirivultid copepods such as A. atlanteus have developed adaptations to cope with the high temperatures and toxic components of the vent fluids. They possess haemoglobins with a very high and temperature-sensitive oxygen affinity (Sell 2000 , Gollner et al. 2011 ). In addition, they are specialized on food sources originating from local chemosynthetic production (Heptner and Ivanenko 2002 , Gollner et al. 2006 , Limén et al. 2008 , De Busserolles et al. 2009 ), potentially explaining their high densities on substrata from sites 2 and 3. While dominating the active sites, both species were not restricted to those. At the inactive sites 4
and 5, A. atlanteus and S. micheli occurred on woods and slates, respectively, where the deployed substrata were surrounded by sediment, sulphide precipitations and bare basalt all devoid of invertebrate foundation species. Although their total abundance was very low at these sites with less than 10 individuals per species, their presence indicates that they can colonize areas with low fluid input, corroborating a recent study from the EPR where dirivultid copepods were found at about 1 km distance from any hydrothermal activity (Gollner et al. 2015a) . Except for the previous LS colonization experiment described by Cuvelier et al. (2014) , dirivultids were not described from organic hard substratum so far.
Among the active sites, site 1 represents an exceptional case. Although the area was hydrothermally active, it showed rather moderate conditions compared to sites 2 and 3. As a consequence, the substrata at site 1 harboured a very heterogeneous community with an overlap of species from high venting activity and inactive microhabitats. Although Tisbe sp.
was not characterized as an indicator species due to its wide distribution at the LS vent field, its relative abundance and total density contributed to the similarity of site 1 (slate & bone)
with sites 2 and 3. Among sites 3 and 1, Tisbe sp. revealed highest densities on the organic substrata, respectively woods and bones, as well as on wood of site 2. This more or less corroborates the pattern observed in our previous colonization experiment at the LS vent field
where Tisbe sp. occurred exclusively on wood panels . The distinctive community composition on the site 1 wood panel strongly contributed to the higher similarity of this sample with slates of the inactive sites 4 and 5. The variance in community composition between the substrata at site 1 might be attributed to the often observed smallscale spatial variability in physico-chemical conditions at hydrothermal vents (Sarrazin et al. 1997 , 1999 , Le Bris et al. 2006 , Podowski et al. 2009 ). As a consequence, community colonization patterns can reveal high variability between closely spaced substrata. In addition, site 1 was characterized by the presence of a small active fissure, in the middle of a relatively inactive zone at the base of Eiffel Tower.
The inactive habitats were represented by the indicator species Bathylaophonte azorica and Ameiridae sp. 4. The first has been previously described from a hydrothermal vent on the MAR (Lee and Huys 1999) and the LS vent field . In contrast, the Ameiridae is a widely distributed harpacticoid family with members found in deep-sea sediments and shallow-water habitats. Although they have been recorded at hydrothermal vents and especially at LS , Sarrazin et al. 2015 , their presence is not very common. In addition to the Ameiridae, other harpacticoid families which are more common in non-vent, sedimentary deep-sea environments, such as Argestidae and Ectinosomatidae, revealed high abundance at the inactive sites. Their presence demonstrates that non-vent copepods exist in the close vicinity of hydrothermal vents. While the slate panels at the inactive sites showed a rather heterogeneous community with a high number of "rare" species, the wood substratum was clearly dominated by Nitocrella sp., indicating its preference for organic substrata in areas of low fluid input.
The observed patterns in species composition and diversity tend to correspond with the local environmental conditions, corroborating previous investigations demonstrating the influence of environmental factors such as temperature, sulphide and iron concentration, pH and oxygen content on the distribution of meiofaunal organisms at hydrothermal vents (Gollner et al. 2010a , Sarrazin et al. 2015 . Similar copepod distribution patterns, with dirivultid copepods dominating in high temperature microhabitats and harpacticoids being more prominent at moderate environmental conditions, have been described in previous meiofaunal studies (Gollner et al. 2010a (Gollner et al. , 2015a . Based on species distribution, the copepod assemblages can be separated into vent specialists represented by A. atlanteus and S. micheli, Our results further indicate that, on a local scale, organic hard substrata may serve as a suitable habitat for vent organisms that rely on chemosynthetic microorganisms as a primary food source. However, their importance for the dispersal of vent specific copepods is still poorly known. Based on findings of thousands of copepodites in the plume above a hydrothermal vent at the EPR, high dispersal abilities have been suggested for dirivultids which, consequently, may not rely on organic substrata as stepping stones to distribute along a spreading zone (Gollner et al. 2015a ). Conversely, harpacticoid copepods are generally thought to have limited dispersal capabilities and thus may benefit from patches of organic hard substrata in the vicinity of hydrothermal vents. Whether small patches of organic hard substrata, such as wood falls and whale bones, surrounded by soft deep-sea sediments can be colonized by adult populations of vent specific copepods remains unknown and subject to further investigations.
Copepod density
Although total copepod density showed no significant differences between individual sites, mainly caused by the high variability between samples, it tends to increase with decreasing fluid input among the most active sites and to decrease with further decreasing fluid input .
This pattern was especially pronounced on the wood and slate substrata while densities on bones continuously decreased with decreasing vent activity. The individual abundance of adults, copepodites and nauplii revealed the similar trends. The discovery of high abundance of juvenile copepod stages across the gradient in environmental conditions reflects observations recently reported from the Eiffel Tower edifice (Ivanenko et al. 2012 , Sarrazin et al. 2015 , and also contradict previous assumptions that copepod larval stages only inhabit microhabitats outside the hydrothermal influence (Tsurumi et al. 2003) . Thus, our experiment confirms that copepod communities can be well established in a variety of microhabitats and are capable to spend their whole life cycle under extreme conditions.
Our results showed significant differences in copepod density between substratum types mainly due to high densities on wood, particularly at sites with low hydrothermal influence.
The observed patterns indicated a preference for organic substrata across the gradient of hydrothermal activity. At the active sites, densities were highest on bones and secondly, on wood panels. Conversely, results from our previous experiment at Eiffel Tower (but with n = 3 deployment sites compared to 5 here, and no inactive sites) reported no significant differences in overall faunal densities between wood and slate panels ).
However, when extracting copepod densities from these data, the same trend is recovered, with higher densities on wood. Higher copepod densities on wood may result from increased niche heterogeneity due to the activity of wood boring bivalves, allowing colonization by smaller organisms. In addition, wood decomposition may produce significant concentrations of sulphides (Le Bris 2015, Kalenitchenko et al. 2015 ) that can be used by microbial mats, contributing to the resources available for copepods and other smaller taxa. Therefore, organic hard substrata might be suitable to provide living space for vent organisms with the nuance that very few vent "endemic" copepods were found outside the areas influenced by fluids, posing questions about the suitability of these substrata to facilitate copepod dispersal between adjacent hydrothermal systems.
Copepod densities observed on the substrata showed a wide range from 1.4 ind. 10 cm -2 to relatively high densities of up to 295 ind. 10 cm -2 (including copepodites). Lower copepod densities were found in our previous colonization experiment at Eiffel Tower (9 ind. 10 cm have been observed at the EPR in association with Alvinella pompejana polychaete communities and were mainly attributed to the highly adapted dirivultid copepod
Stygiopontius hispidulus (Gollner et al. 2010a) . Differences in copepod abundance may reflect the heterogeneity of environmental conditions at hydrothermal vents and at different spatial scales (Sarrazin et al. 2015) . Other potential factors for the observed differences in densities may include competition, predation and physical disturbance as suggested in previous studies (reviewed by Olafsson 2003) . However, to the best of our knowledge, the densities observed in our colonization experiment are the highest that have been reported from the LS vent field and among the highest values ever reported from hydrothermal vents.
Copepod diversity
With a total of 45 species, we observed more copepod species in this colonization experiment than previously reported from the whole LS vent field (Van Dover and Trask 2000 , Sarrazin et al. 2015 . These studies, including previous colonization experiments and ecological studies, documented between 3 and 11 copepod taxa from LS. Studies from other hydrothermal vents also reported lower copepod species richness from the Snake Pit vent field (S = 6) on the MAR (Zekely et al. 2006) , and between 14 to 27 species at the EPR (Zekely et al. 2006 , Gollner et al. 2007 , Gollner et al. 2010a . Differences in species richness might be related to a higher sampling effort and higher precision in taxonomic identification during the last decade. As a consequence, the estimates for meiofaunal diversity including copepod species richness at hydrothermal vents are constantly revised upwards (Van Dover 2000, Gollner et al. 2006 , Gollner et al. 2010a , Sarrazin et al. 2015 . In addition, the inclusion of external sampling sites, which were characterized by relatively high numbers of "rare" species, may have contributed to the higher species richness described in our experiment. However, even when excluding the 12 species exclusively found at the inactive site, copepod species numbers still exceed those previously described for LS hydrothermal vents by 22 species.
Although the outcome of the statistical analysis revealed no significant difference in copepod diversity between individual sites and individual substrata, some interesting trends emerged.
The observed patterns indicate an overall decrease of diversity with increasing temperature and fluid inputs, corroborating the results of our previous LS colonization experiments , Zeppilli et al. 2015 and also, from other vent ecological studies (Tsurumi et al. 2003 , Zekely et al. 2006 , Gollner et al. 2010a , Ivanenko et al. 2012 , Sarrazin et al. 2015 . The negative correlation between hydrothermal activity and taxonomical diversity is considered as typical in vent ecosystems (Sarrazin and Juniper 1999) . Trends in copepod diversity are opposite to those of density as they show higher diversity on slates than on organic substrata across all sites, except for site 3, where total species richness (S) was lower on slates compared to the wood panel. The overall results contradict the outcome of the Cuvelier et al. study (2014) reporting higher faunal diversity on wood panels. Even after extracting the copepod data, their species richness was higher on woods at two out of the three sites .
Conclusion
Although the limitations of the sampling design, such as a lack of replicates and statistical significances, may limit the interpretation of the results, the outcome of our study represents the most comprehensive investigation of the copepod fauna from the LS vent field and provides answers to our initial research questions.
1) The substratum type had a significant impact on copepod density, although the pattern varied across the gradient in fluid input (Fig. 6) . Copepod densities at the most active sites were highest on bones while wood revealed higher densities with further decreasing temperature and fluid input. While showing lowest densities, slates exhibited highest absolute copepod diversity across the gradient in hydrothermal activity.
2) The abiotic conditions were of minor importance to explain copepod abundance but showed an overall effect on copepod diversity which increased with decreasing hydrothermal activity corroborating previous findings that demonstrate the negative correlation between local environmental conditions and meiofaunal diversity patterns (Fig. 6 ). In addition, species composition was significantly influenced by temperature and fluid input rather than the substratum type (Fig. 6) . Thus, our experiment indicates that physico-chemical conditions are important drivers of copepod colonization patterns at hydrothermal vents, corroborating previous studies on the impact of environmental conditions on the distribution of vent meiofauna. We suggest that this may be linked to the presence of different species traits such as nutritional requirements and adaptation to local environmental conditions resulting in diverging microhabitat preferences.
3) At the same time, our experiment supports previous suggestions for the existence of specific vent habitats inhabited by indicator species that reflect both, differences in environmental conditions and the species pool of established background communities.
The outcome of our study provides a detailed insight into the copepod community composition around the Eiffel Tower edifice and strongly contributes to the evaluation of spatial and temporal patterns of meiofaunal communities at hydrothermal vents in relation to local environmental drivers.
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